The experimental values of density, viscosity, electric conductivity and diffusion coefficients of trace ions in aqueous solutions of lithium chloride in wide ranges of concentration and temperature are collected and discussed. The thermal expansivity and the activation energies of viscous flow, electric conductance and diffusion of trace ions show significant changes at a molality around 12 mol/kg, beyond which the hydration requirement is not satisfied.
Introduction
Lithium chloride, consisting of a small, univalent cation and a relatively large, univalent anion, and having a very large solubility in water, is one of the most suitable electrolytes for the physico-chemical study of concentrated aqueous solutions; the mole fraction of LiCl of a saturated aqueous solution is even greater than 0.25 at 25 °C.
We present the density, viscosity, and electrolytic conductivity data of aqueous LiCl solutions in the molality range 0.05-20 mol/kg and at different tem peratures from 15 to 55 °C, and also the tracer diffu sion coefficients of some metal ions in LiCl(aq) of different concentrations. The molar volume, thermal expansivity, and Arrhenius activation parameters for the viscous flow, conductivity and tracer diffusion will be discussed, including the osmotic and activity coeffi cients and the contact angle between glass and Li Cl (aq).
Density, Viscosity, and Electrolytic Conductivity Data
The density and viscosity of LiCl(aq) were reported by Lengyel et al. [1] in the molality range 1.0090-19.584 mol/kg and at temperatures between 15 and 35 °C.
Reprint requests to Dr. K. Tanaka, Institute of Physical and Chemical Research, 2-1 Hirosawa, Wako, Saitama, 351-01, Japan. Tables 1-3 summarize the density q, viscosity r], and electrolytic conductivity x of aqueous LiCl solutions, measured by Isono [2] , at molalities 0.05-20 mol/kg and at temperatures 15-55 °C. The density data given in Table 1 are in very good agreement with [1] . How ever the viscosity data in Table 2 are generally larger than those given in [1] ; at molalities below 10 mol/kg differences are less than 0.5%, but deviations up to about 10% are found at higher concentrations.
Volume of Solution
Consider an aqueous LiCl solution of molality m. The volume V of this solution containing 1 kg of water is calculated from the density q by the equation
(1)
where M2 is the molar mass of the solute. The volume per kg of water of aqueous alkali chloride solutions of molalities from 0.5 mol/kg to saturation was found to obey with reasonable accuracy a second-order equa tion in the molality: Table 4 gives the coefficients A, B, and C for LiCl and other alkali chlorides at 25 °C, together with the molar volumes of water, Vq, and those of crystals of the solutes, r 2• 0932-0784 / 91 / 0100-0141 S 01.30/0. -Please order a reprint rather than making your own copy. * Coefficients A, B, and C for NaCl, KCl, RbCl, and CsCl were determined by using the density data given in [2] , Table 5 . Temperature dependence of the density (cf. (6)) and the thermal expansion of LiCl(aq) at 25 °C (cf. (7)). The den sity data in [2] were used in the calculation. The values of v°{ given in Table 4 were obtained from the coefficients A by assuming the relation A = 1000 v°JMx (3) with Mx the number mass of water. They are found to be very close to the molar volume of pure water, 18.07 cm3/mol at 25 °C, as determined from the den sity data of pure water. The molar volumes of solute, v2, in Table 4 were calculated from the crystal density g2 and the molar mass of the solute:
It is interesting to note that, in case of LiCl and CsCl, the molar volume v2 is practically identical with coef ficient B, whereas in solutions of NaCl, KCl and RbCl the coefficient B is significantly smaller than v2. The apparent molar volume of solute, 0'2, is given by the relation (cf. (2) 
Due to the very small C value for LiCl, the apparent molar volume of LiCl is practically constant in the range 0.05 m ol/kg^m^20 mol/kg. This behaviour shows that the volume of the LiCl(aq) solution is additive with v2 as given by (4) being the intrinsic volume of LiCl in the solution.
Thermal Expansivity
Temperature dependence of the density can be rep resented by the equation, g = q (25 °C) + a (t/°C -2 5 ) + b (t/°C -25)2 (6) and the thermal expansivity is given by < x = -(l/e)(de/dt).
The coefficients a and b in (6) and the thermal ex pansivity of LiCl(aq) at 25 °C are given in Table 5 . The thermal expansivity of LiCl(aq) remains nearly unchanged in the molality range 0-10 mol/kg but shows a gradual increase with molality from about 12 mol/kg. Figure 1 shows the thermal expansivity of LiCl(aq) at 25 °C as a function of molality of the solute; the data for aqueous solutions of other alkali chlorides are included for comparison. The very small thermal expansivity of LiCl(aq) suggests that the volume frac tion of free space in the structure of liquid water does not change appreciably with increasing concentration of LiCl.
Activation Parameters for the Viscous Flow and Electrolytic Conductivity
The molar conductivity of LiCl and the conductiv ity-fluidity correlation were discussed in [3] , In this study attention will be focused to the temperature dependence of the viscosity and electrolytic conduc tivity. Arrhenius plots for the viscosity and electrolytic conductivity of aqueous electrolyte solutions are not strictly linear [4] . In the following, however, the aver age activation parameters in the temperature range 15-55 °C will be discussed. The activation energies for the viscous flow and electrolytic conductivity of LiCl(aq) change with con centration in a similar manner, as shown in Fig. 2 , although the values for the viscous flow are always larger than those for the conductivity. With increasing concentration, the energies first show a slight decrease but then begin to increase from about 6 mol/kg, which is followed by a larger increase starting from about 10-12 mol/kg. A more significant change at 12 mol/ kg occurs with the pre-exponential factor for the vis cous flow, A (vise), as seen in Fig. 3 , which includes A (vise) of aqueous solutions of other alkali chlorides and urea for comparison.
Diffusion of Tracer Ions in Concentrated LiCl (aq)
Tracer diffusion coefficients of lithium ions, chloride ions and water in LiCl(aq) of 0.1-18.6 mol/kg at 25 °C were reported in [5] . The tracer diffusion coeffi cients of T1 (I), Cd (II), Co (II), and Zn (II), their concen trations being less than 1 mmol/dm3, in LiCl(aq) of 1-18.5 mol/kg at different temperatures from 15 to 55 °C were obtained from the analysis of pulse-polarographic diffusion-controlled limiting currents with the Ikeuchi-Galvez equation [6] . The results at 25 °C are summarized in Table 6 , in which the tracer diffu sion coefficients of Li + , Cl_ and H20 in LiCl(aq) are taken from [5] ,
The tracer diffusion coefficients of the metal ions decrease with increasing concentration of LiCl, and they become significantly smaller than those of Li + and CI" at higher concentrations of LiCl, which sug gests the formation of metal-chloro complexes and also the association of the chloro complex ions with lithium ions. This argument may be supported by the linear correlation observed between the tracer diffu lOlODw / m2 s-l Fig. 5 . Correlation between the tracer diffusion coefficients of some ions, Dt, and that of water molecule, Dw, in LiCl(aq) of different concentrations at 25 °C: o, T1(I); □, Cd (II); a, Zn(II); o, Co(II); •, Li + ; m, CP. Data from [5] , sion coefficients of the metal ions and that of the chloride ion, as can be seen in Figure 4 . Another inter esting finding is that, in LiCl(aq), the tracer diffusion coefficient of each ion depends linearly on that of water, as shown in Figure 5 .
The Arrhenius activation energy for diffusion of tracer ions was found to be almost independent of the type of metal ion, but to vary with the LiCl concentra tion in a similar way as does the activation energy of viscous flow and electrolytic conductivity of LiCl(aq), cf. Figure 2 . This is in contrast with fused sodium chloride media, where different metal ions give differ ent activation energies [7] .
Discussion
Lithium ions are strongly hydrated in aqueous solutions. In concentrated solutions of LiCl the hydra tion number for the lithium ion is reported to be four, while in dilute solutions it is six [8] [9] [10] . The hydration requirement of lithium ions can be satisfied up to 13.8 mol/kg where the ratio of lithium ions to water molecules is one to four. Beyond this concentration, however, there are insufficient water molecules to complete the hydration shells of lithium ions and di rect interaction between lithium and chloride ions be comes significant [11] [12] [13] [14] . 
m / mol kg-1 Fig. 7 . Contact angle between a glass plate and LiCl(aq) as a function of te molality of LiCl at room temperature. Data from [16] .
This structural picture is in accordance with the following thermodynamic and transport evidences, which suggest that the water molecules in LiCl (aq) in the higher concentration range behave quite differ ently from those in the bulk water.
(a) The thermal expansivity of LiCl(aq) begins to increase linearly with concentration from about 12 mol/kg, while it remains almost constant at lower concentrations ( Figure 1) .
(b) The Arrhenius activation parameters, i.e., the activation energy and pre-exponential factor, for the viscous flow of LiCl(aq) show significant changes at concentrations around 12 mol/kg as can be seen in Figs. 2 and 3 .
(c) Fhe concentration dependence of some thermo dynamic quantities in the concentration range 13-20 mol/kg is different from that at lower concentra tions. Figure 6 illustrates the osmotic coefficient 0 and activity coefficient y of LiCl in aqueous solutions as a function of the molality of LiCl [15] . The osmotic coefficient increases linearly with concentration in the range 2-10 mol/kg but it tends to become nearly con stant at concentrations higher than about 14 mol/kg. In the case of the activity coefficient of LiCl, its con centration dependence in the range 12-20 mol/kg is clearly different from that in the lower concentration range as shown in Figure 6 .
(d) Fhe contact angle between glass and LiCl(aq) at room temperature also exhibits a significant change at a concentration about 10 mol/kg: the contact angle increases linearly in the range 0-10 mol/kg but re mains almost constant at higher concentrations, as illustrated in Fig. 7 [16] . Fhe contact angle is a mea sure of the relative strengths of the interaction of the water molecules with the constituents of glass and with the ions and molecules in the solution. Pure liquid water forms small contact angles with clean glass, indicating a strong adhesion of the water to the glass. The relatively large and constant contact angles observed with LiCl(aq) of m> 10 kg/mol suggest that most of the water molecules in the solutions are coor dinated to the lithium ions.
A recent MD study [14] of 18.5 mol/kg LiCl(aq) shows that the Born-Mayer-Huggins potentials with parameters proposed by Tosi and Fumi, which proved to be successful to describe the structural and dynam ical properties of various molten salts, give tracer dif fusion coefficients for water and the solved ions which are in reasonably good agreement with experimental values. The tracer diffusion of T1(I), Cd (II), Zn(II) and Co(II) in concentrated LiCl(aq) gave a common acti vation energy which is dependent only on the LiCl concentration, while the activation energy differs from ion to ion in fused NaCl media. There exists a rela tively good correlation between the tracer diffusion coefficients of ions and that of the water molecule as shown in Fig. 5 , which suggests that the water mole cules play an important role even in such concen trated solutions where the hydration requirement of lithium ions is not satisfied.
